p = 0.02). After accounting for age at clinical examination, there were significant associations between Braak NFT stage, and WAIS-R Block Design and Trail Making Tests A and B, with higher Braak stage associated with poorer performances. Thirty of the 52 cases had completed an antemortem volumetric head MRI. Two separate MRI analyses revealed an association between higher Braak NFT stage and grey matter atrophy in the head of the left hippocampus. There were no significant clinical or radiologic associations with TDP-43. Findings from this study demonstrate that aggregated tau distribution is associated with poorer cognitive performance, as well as atrophy, in the absence of beta-amyloid. These findings support the parcellation of definite PART as a useful construct. The relatively low frequencies of APOE4, TDP-43, Lewy bodies, and hippocampal sclerosis, and the rarity and morphology of TDP-43 lesions are noted contrasts to what is typically observed in Alzheimer's disease of the old.
Introduction
Recently, a panel of leading experts published a consensus paper describing a common pathology associated with human aging. They referred to this pathology as primary age-related tauopathy (PART) [12] . PART is pathologically characterized by the presence of tau-positive neurofibrillary tangles (NFTs) with minimal to absent beta-amyloid pathology. A diagnosis of PART requires a Braak NFT stage ≤IV (usually III or lower) and a Thal beta-amyloid phase ≤2 [12] . PART can be further subclassified pathologically as Abstract We investigate whether there is any association between the Braak neurofibrillary tangle (NFT) stage and clinical and MRI features in definite primary age-related tauopathy (PART). We analysed 52 cases with a Braak NFT tangle stage >0 and ≤IV, and a Thal phase of 0 (no beta-amyloid present). Twenty-nine (56%) were female. Median age at death was 88 years (IQR 82-92 years). Fifteen (29%) were TDP-positive (75% TDP stage I), 16 (31%) had argyrophilic grain disease and three (6%) had alpha-synuclein-positive Lewy bodies. TDP-43 inclusion when present were rare and predominantly perivascular. Of the 15 with TDP-43, three showed a moderate number of inclusions and also had hippocampal sclerosis, neuronal intranuclear inclusions and fine neurites of the CA1 region of the hippocampus. Four cases (8%) had an apolipoprotein epsilon 4 (APOE4) allele. There was a significant correlation between age at death and Braak NFT stage (r = 0.32, definite PART and possible PART depending on whether beta-amyloid is absent or present, respectively. That is, cases with a Thal phase of 0, meaning no beta-amyloid is present in the brain, are categorized as definite PART while cases with a Thal phase of 1 or 2 in which beta-amyloid is present, are categorized as possible PART [12] . Further non-pathologic classification of PART may also be undertaken, but requires knowledge about the clinical diagnosis prior to death. That is, PART can be further subclassified as asymptomatic PART (no clinical signs of cognitive decline or dementia) or symptomatic PART (cognitive decline or dementia is present) [33] . Therefore, there are four different categories of PART: asymptomatic definite PART; symptomatic definite PART; asymptomatic possible PART and symptomatic possible PART. Symptomatic definite and possible PART subsumes diseases that were known by the following labels: senile dementia with tangles [65] ; neurofibrillary tangle-predominant form of senile dementia [7] ; and neurofibrillary tangle-predominant dementia [34] . True prevalence of definite PART is unknown, although evidence suggests that PART alone may account for approximately 18% of pathologies of cognitively normal elderly [43] and 5% of cognitively impaired elderly [6] .
Since the publication of pathological criteria defining PART, there have been debates [11, 21] as to whether PART is an aging phenomenon that differs from Alzheimer's disease [12, 33] or whether PART is a part of Alzheimer's disease [9, 16] . There is also debate as to whether PART is more akin to a variant of Alzheimer's disease referred to as limbic predominant Alzheimer's disease [53] in which there is relatively more tau burden in allocortex compared to isocortex. PART has also become relevant in the discussion of cognitively normal people with suspected non-Alzheimer pathophysiology (SNAP) [28] . Little is known about PART, yet the construct of definite PART allows us to study the effects of tau in the absence of beta-amyloid. With this in mind, the main aim for this study is to determine whether aggregated tau distribution, as defined by the Braak NFT stage, is associated with specific clinical or imaging features, in definite PART. Hence, we limited our analysis to definite PART, i.e. a Thal beta-amyloid phase 0, and Braak NFT tangle stage >0 and ≤IV. We hypothesized that increasing Braak NFT stages would be associated with more hippocampal atrophy and poorer cognitive performance in definite PART.
Methods

Subject selection
We identified all cases in our pathological database that had been recruited and prospectively followed in the Mayo Clinic Alzheimer's Disease Research Center, Alzheimer's Disease Patient Registry or the Mayo Clinic Study of Aging who had died with a brain autopsy between 1999 and 2012, had a Braak neurofibrillary tangle stage >0 and ≤IV [8] and a low likelihood of Alzheimer's disease according to NIA-Reagan criteria [68] . Cases with a pathological diagnosis of a frontotemporal lobar degeneration [47] , progressive supranuclear palsy [26] , corticobasal degeneration [14] , or Lewy body disease [51] , were excluded. A total of 106 cases were identified. All cases had undergone apolipoprotein epsilon E genotyping as previously described [13] .
This study was approved by the Mayo Clinic IRB. Prior to death, all subjects or their proxies had provided written consent for brain autopsy examination.
Pathological analysis
All 106 cases had undergone pathological examination according to the recommendations of the Consortium to Establish a Registry for Alzheimer's disease (CERAD) [52] and each assigned a Braak neurofibrillary tangle stage [8] using modified Bielschowsky silver stain. Modified Bielschowsky stain was utilized for Braak staging in order to maintain consistence within our database. The left hemi-brain was fixed per protocol and paraffin block sections were stained with hematoxylin and eosin and modified Bielschowsky. Immunohistochemistry was performed using antibodies for alpha-synuclein (LB509; 1:200; Zymed, San Francisco, CA, USA), phospho-tau (AT8; 1:1000; Endogen, Woburn, MA, USA) and betaamyloid (6F/3D; 1:10; Novocastra VectorLabs, Burlingame, CA, USA). In addition, all cases were screened for the presence of TDP-43 immunoreactivity [40] . Specifically, the amygdala and hippocampus were screened using a polyclonal antibody (MC2085) that recognizes a peptide sequence in the 25-kDa C-terminal fragment) with a DAKO-Autostainer (DAKO-Cytomaton, Carpinteria, CA, USA) and 3,3′-diaminobenzidine as the chromogen. Sections were reviewed (by DWD and KAJ) to assess for the presence of any TDP-43 immunoreactive lesions including neuronal cytoplasmic inclusions, dystrophic neurites, or neuronal intranuclear inclusions. We also determined TDP-43 stage based on published criteria [36, 37] . A diagnosis of hippocampal sclerosis was made if neuronal loss in the subiculum and CA1 regions of the hippocampus was out of proportion to the burden of neurofibrillary tangles [15] while a diagnosis of argyrophilic grain disease was made if there was silver and tau-positive spindle-shaped lesions, coiled bodies and balloon neurons in transentorhinal and entorhinal cortex, amygdala or temporal allocortex [31] .
Thal phase determination
We determined Thal beta-amyloid phase [61] for all 106 cases. Our method for the determination of Thal phase has been previously published [54] . Briefly, Thal amyloid phase was assigned for all cases retrospectively by assessing for senile plaques in neocortex (i.e. mid-frontal, inferior parietal or superior temporal cortex), hippocampus, basal ganglia and cerebellar molecular layer using beta-amyloid staining (clone 6F/3D, 1:10 dilution; Novacastra Vector Labs, Burlingame, CA, USA). The maximum Thal amyloid phase was determined as follows: phase 0, no amyloid in any brain regions; phase 1, beta-amyloid limited to neocortex; phase 2, beta-amyloid involves CA1/subiculum of the hippocampus; phase 3, beta-amyloid present in basal ganglia; phase 4, beta-amyloid present in C4 region of the hippocampus or midbrain; and phase 5, beta-amyloid present in the cerebellar molecular layer. Of the 106 cases, 52 cases had a Thal phase 0. We analyse the C4 region of the hippocampus for Thal phase 4 determination given that the C4 region of the hippocampus was noted to perform as good as, if not better than, midbrain [61] . Hence, 52 cases met pathological criteria for definite PART and were utilized for the clinical analyses. Of these 52 cases, a subset of 30 had also completed a volumetric head MRI prior to death and was utilized for imaging analyses.
MRI analyses
Voxel-level comparisons of grey matter volume were performed using voxel-based morphometry (VBM) in SPM5 on the 30 cases that had completed an antemortem head MRI. All MRI were normalized to a customized template and segmented using customized priors and unified segmentation. Grey matter images were then modulated and smoothed using an 8-mm full-width-at-half-maximum smoothing kernel. A multiple regression analysis was used to assess correlations between grey matter volume and Braak stage, including age at death as a covariate and results were assessed uncorrected for multiple comparisons using a threshold of p < 0.001. Based on the VBM results, we also performed atlas-based parcellation, an independent technique, using the automated anatomical labelling (AAL) atlas to measure volumes of the total hippocampus [64] , as well as volumes of the head, body and tail of the hippocampus, for each subject. The AAL hippocampal regionof-interest was manually edited to separate head, body and tail sections. The head included the hippocampal digitations and the uncus. The tail section included the posterior transverse segment of the hippocampus, and the segment in between the head and the tail was labelled as the body of the hippocampus. Given the concern that TDP-43 might be a confounder for any association identified between atrophy and with Braak NFT stage we further determined whether there were any significant differences in MRI features between those with and without TDP-43.
Clinical and neuropsychological assessments
For this study the following clinical and neuropsychological variables were analysed: Mini-Mental State Examination [19] , Clinical Dementia Rating Scale Sum of Boxes [49] , Wechsler Memory Scale-Revised Logical Memory II [66] , Boston Naming Test [41] , Control Oral word Association Test [45] , Wechsler Adult Intelligence Scale-R Block Design [66] , Auditory Verbal Learning Test Delayed Recall [57] , Trailmaking Test Parts A and B [59] , and a modified version of the Unified Parkinson's Disease Rating Scale [17] . For some variables, we also converted the raw score to a Mayo's Older American Normative Studies (MOANS) score [60] which provides an age-adjusted score. The average MOANS score is 10 with a standard deviation of 3. To further account for any confounding effect of duration from examination to death, we limited the analyses to only those cases with <4.0 years duration to death (n = 44 cases). Given the concern that TDP-43 might also be a confounder for any association identified with clinical variables and Braak NFT stage we further determined whether there were any significant differences in clinical features between those with and without TDP-43.
Statistical analyses
We used linear regression to evaluate the association between Braak stage at death-treated as a continuous predictor taking values 1, 2, or 3-and an individual's last clinical or neuropsychological assessment or hippocampal volume treated as the response. All regression models included an adjustment for age, except for models involving MOANS scores, since MOANS by definition is an age-adjusted score. We summarize associations with Braak stage by reporting the regression coefficient and 95% bootstrap confidence intervals which can be interpreted as the estimated change in mean response for a one-unit increase in Braak. We used the bootstrap procedure with 10,000 replicates because of skewness in some response variables. This allowed us to make valid inferences without assuming approximate conditional normality. It is known that there is a relationship between hypothesis tests and confidence intervals (CIs) such that a 95% CI that excludes the null value of zero can be interpreted as corresponding to a two-sided p value <0.05. Using this relationship, we report percentile-based bootstrap CIs for the Braak effect and calculate a two-sided p value by identifying the coverage probability corresponding to the widest percentile-based CI that excluded the null value. The corresponding p value is the complement of this coverage probability. We interpret these p values as an analysis result from a "trend test" providing indications of how well our observed data fit the model under the null hypothesis and making the strong assumption that all aspects of our statistical model, including random sampling, are correct [23] . Smaller p values indicate a greater degree of incompatibility between our data and what we would expect given the null hypothesis.
Results
Fifty-two cases met inclusion criteria for the study. Demographics and clinical features and their associations with Braak NFT stage are shown in Table 1 . Of the 52 PART cases, 29 (56%) were female. The median age at the time of clinical examination was 87 years (IQR 81-91) with median age of death being 88 years (IQR 82-92). The median time from last clinical evaluation to death was 1.0 year (IQR 0.5-2.6). Fifteen cases (29%) were TDPpositive. The distribution of TDP-43 in those with immunoreactivity was limited to TDP-43 stage 3, with the vast majority (n = 9; 75%) being TDP-43 stage 1 (amygdala only). In the majority of cases, there were rare-scant TDP-43 immunoreactive inclusions, often a single inclusion was observed, and in many cases inclusions were often perivascular (Fig. 1) . Of the 15 cases with TDP-43, three cases (20%) had fine neurites in the CA1 region of hippocampus [38] , neuronal intranuclear inclusions and hippocampal sclerosis. Sixteen cases (31%) had argyrophilic grain disease, and three (6%) had alpha-synuclein-positive brainstem Lewy bodies consistent with a diagnosis of incidental Lewy body disease [22] . Of the 52 definite PART cases, only four (8%) had an APOE4 allele. The median score and interquartile range for general cognition on the Mini-Mental State Examination at the time of last clinical evaluation (28 points; IQR 27-29 points) was within the typically considered normal range. There was a significant rank correlation between age at death and Braak NFT stage (r = 0.32, p = 0.02). After correcting for age at clinical examination and education with regression or via MOANS, there were evidence for associations between Braak NFT stage and WAIS-R Block Design, and Trailmaking Test Parts A and B, with higher Braak stage being associated with poorer performances (Table 2 ). There were no other significant associations including associations with either of two different measures of recall, or with the modified Unified Parkinson's Disease Rating Scale, a measure of motoric function.
There were no significant differences in demographics between the entire cohort of 52 cases and the subset that had completed an antemortem head MRI (n = 30). Demographics and clinical features of the 30 cases that had completed an antemortem volumetric head MRI scan are shown in Table 3 . The VBM analysis showed correlations between Braak NFT stage and grey matter volume in the left anterior hippocampus, as well as in scattered regions of the cerebellum (Fig. 2) . The region-of-interest level MRI analysis demonstrated associations between Braak stage and the left head of the hippocampus (p = 0.002), with an estimated volume decline of 6.02% for one-unit increase in Braak NFT stage (Fig. 3) . The association between left Those with TDP-43 were older at death (91 vs 87 years; p = 0.007) ( Table 4) . We found no significant differences in clinical features between cases with and without TDP-43. There were no significant differences in grey matter volume on VBM at an uncorrected threshold of p < 0.001 between the TDP-positive cases with MRI (n = 11), and an age, gender, and Braak NFT stage-matched group of TDPnegative cases (n = 11).
Discussion
This study focused on definite PART which allowed us to assess the effect of aggregated tau in the absence of betaamyloid. The observed associations between the Braak NFT stage and demographics, clinical and MRI metrics, suggest that aggregated tau, in the absence of beta-amyloid and defined as PART, is not silent. We found evidence of an association between Braak NFT stage and atrophy of the left head of the hippocampus. The finding of focal atrophy involving the hippocampus is not surprising given that the Braak NFT distribution was essentially capped at stage III (only 2 cases were stage IV) in our cohort which is in keeping with involvement of the hippocampus but not beyond. The presence of an association in the left hippocampus could be due to the fact that Braak staging was only performed on the left hemisphere. This is important since asymmetric lesions do occur in Alzheimer's disease and also may occur in PART. Unlike in typical Alzheimer's disease where atrophy of the hippocampus does not show an anterior and posterior gradient, atrophy in definite PART showed an anterior predominance. This is important as there is evidence that the anterior and posterior hippocampus have different network connections [1] , with the posterior hippocampus involved with retrieval and encoding aspects of episodic memory [18, 24, 58] . The lack of involvement of the posterior Education, years 14 [12, 16] APOE ε4 carrier, N (%) 2 (7) TDP-43, N (%) 11 (38) Braak, N (%) Boston naming/60 55 [51, 57] Controlled oral word association test 36 [25, 46] WAIS-block design/51 20 [12, 24] MOANS WAIS-block design 11 [9, 13] AVLT delayed recall/15 7 [4, 10] Trails A/180 54 [36, 63] MOANS trails A 9 [7, 12] [10] . Patients with semantic dementia also show relative sparing of episodic memory [27] and hence it would not be surprising for PART to be associated with a semantic dementia like phenotype. Therefore, while studies have shown that NFT biochemistry is identical between PART and Alzheimer's disease with both characterized by NFTs immunoreactive to 3R + 4R tau [34] , further neuropathological studies are required to determine whether the distribution of NFTs in the hippocampus differ between PART and Alzheimer's disease, as has been suggested [30] . In fact, it has been observed that extra-cellular tangles, so-called ghost tangles, are more frequent in PART compared to Alzheimer's disease [34] . Hence, it would also be important to compare the distributions of ghost tangles in the hippocampus and other limbic areas between PART and Alzheimer's disease. The findings from this study are also informative regarding the neuroimaging designation of SNAP. As previously discussed [42] , the results suggest that NFT tauopathy can be associated with beta-amyloid negative hippocampal atrophy. The Braak NFT stage was also associated with poorer performance on tests of cognitive speed, executive function, and visuospatial skills, although it is possible that the poorer performance on Trailmaking Test Part B and the WAIS-R Block Design could have been due to cognitive slowing, since both are timed tests [59, 66] . Hence, with this in mind, as well as the lower performance on Trailmaking Part A, it appears that tau in definite PART may be particularly associated with cognitive slowing. The anatomic correlate of cognitive slowing in this study requires further analysis. However, it is possible that cognitive slowing is related to atrophy of the hippocampus. In fact, studies have identified an association between cognitive slowing and damage to the hippocampus in cognitively normal elderly [5, 56] . It should also be noted that although there was evidence for an association between Braak NFT stage and poorer performance on these measures, the patients in this cohort, on average, performed much better than would be expected for Alzheimer's disease. The finding that the vast majority in this cohort were relatively unimpaired at the time of last evaluation is consistent with PART being more associated with death without cognitive impairment than with dementia [44] .
There is one large study on symptomatic PART (tangledominant dementia) that assessed demographic and clinical features although beta-amyloid status not accounted for [34] . Nothing is known about the demographics, clinical and pathological features of definite PART. This study therefore sheds light on, and increases our understanding of, definite part. We found that, similar to Alzheimer's disease, there was an older age at death and a slight female predominance. Different from Alzheimer's disease, however, was the identification of a low frequency of the APOE 4 allele. The frequency of the APOE4 allele in this study of 8% is similar to the calculated frequency of 10% in the PART consensus criteria that utilized NACC data [12] . While it is known that the APOE4 allele frequency decreases with age [35] , the APOE4 allele frequency was found to be 32% in an Alzheimer's disease cohort with identical mean age of death of 88 years [35] . This is 3-4 times higher than what we observed in definite PART. This finding is not all that surprising though as the APOE4 allele has been linked to beta-amyloid, and beta-amyloid by design was absent in the 52 cases in this study. Lewy bodies were identified in only 6% of our cases which is not unexpected given the frequency of incidental Lewy bodies reported in normal aging cohorts [22] . The low frequency of Lewy bodies in definite PART differs from that reported in Alzheimer's disease which has been as high as 56% [63] , even in Alzheimer's disease cases with lower Braak stages [32] . The frequency of argyrophilic grain disease was relatively high in this cohort, being present in almost a third of the cases. Therefore, since argyrophilic grain disease is a 4R tauopathies [62] , many cases of definite PART would be expected to have both 4R tau and 3R + 4R tau lesions. Our finding also supports argyrophilic grain disease being an age-related phenomenon as previously suggested [43, 48] . Surprisingly, we found argyrophilic grain disease to be present in almost 50% of those with TDP-43, a finding We assessed the frequency, distribution, morphology and associations of TDP-43 in PART. The frequency of TDP-43 was observed at 29% which is lower than the frequency of TDP-43 reported in studies of Alzheimer's disease when the amygdala is screened, where the range is between 42 and 74% [4, 36, 50] . In addition, unlike in Alzheimer' disease where TDP-43 distribution covers all stages (stages 1-6) [36, 37] with only 16% of Alzheimer's disease cases being TDP-43 stage 1, we did not observe any definite PART cases in which TDP-43 distribution was beyond stage 3. In fact, 75% of PART cases with TDP-43 were TDP-43 stage 1. This may be important since we and others previously found little evidence for a difference between TDP-43 stage 0 and stage 1 in Alzheimer's disease [29, 36] . In PART we also observed that TDP-43 when present was rare to scant and in many cases only one inclusion was identified. This contrasts with Alzheimer's disease where TDP-43 deposition is on average moderate, at times even frequent [4] . In terms of morphology, the majority of the inclusions were perivascular and not the typical neuronal cytoplasmic inclusions or dystrophic neurites or tangle-associated TDP-43 observed in Alzheimer's disease [2] . Perivascular-type inclusions have previously been observed in frontotemporal degeneration and familial Lewy body disease [46] , as well as in elderly non-demented adults [20] . Therefore, TDP-43 morphology in PART appears [40] . Of the 15 definite PART cases with TDP-43, three cases are worth discussing separately. These three cases all had fine neurites in the hippocampus [38] , and all three also had hippocampal sclerosis. All three cases could be considered to have frontotemporal lobar degeneration especially given the presence of neuronal intranuclear inclusions. However, given that all three cases were 90 years old at the time of death, one could argue that a more appropriate interpretation for the presence of TDP-43 in these three cases is cerebral age-related TDP-43 with sclerosis [55] . Hence, the most appropriate pathological diagnosis for these three cases would be definite PART with cerebral age-related TDP-43 with sclerosis. We did not have any case in which the presence of TDP-43 would be considered a pathologic precursor to hippocampal sclerosis [3, 25] since there were no cases with TDP-43 and fine neurites of the CA1 region of the hippocampus without hippocampal sclerosis, or even TDP-43 deposition outside of the amygdala, other than the three with hippocampal sclerosis.
One of the current debates centres on whether PART is more akin to the limbic predominant form of Alzheimer's disease in which NFT's burden is relatively greater in limbic regions compared to neocortical regions [53] . Operationally, to be diagnosed as limbic predominant Alzheimer's disease, the ratio of the average hippocampal to cortical NFT count must be greater than 75th percentile of the entire Alzheimer's disease cohort, hippocampal NFT densities must be greater than the median values for CA1, subiculum, and CA1-subiculum average, and at least three of the cortical NFT densities must be less than or equal to the median values [53] . Two independent cohorts showed that the average age of death of limbic predominant Alzheimer's disease cases were 86 and 89 years [53, 67] , similar to the median age of death of our definite PART cohort, yet the APOE4 allele frequencies were 65 and 70% which is in stark contrast to the APOE4 allele frequency of 8% in PART. Similarly, the relatively low frequency of TDP-43 in definite PART (29%) is also in contrast to the very high frequency of TDP-43 in limbic predominant Alzheimer's disease (67%) [39] . These differences argue against PART being more akin to limbic predominant Alzheimer's disease.
One of the central debates concerning PART and Alzheimer's disease is whether PART represents early Alzheimer's disease, and, therefore, with time patients with PART will develop Alzheimer's disease. That is, patients with PART over time will show beta-amyloid deposition. While pathology cannot answer this question of progression given its cross-sectional nature, future studies with tau-PET may be useful to determine the proportion of cases of definite PART that will later develop amyloid deposition and other features of Alzheimer's disease. Regardless, however, of the outcome of such studies, we show that a substantial number of patients die with PART who do not have beta-amyloid. Perhaps it is a matter of semantics, but if medial temporal tauopathy is dissociable from Alzheimer's disease (i.e. NFT and plaque disease), it seems reasonable to conclude the former should be denoted as a distinct entity.
We did find a correlation between Braak NFT stage and age at death suggesting that with definite PART, tau deposition progresses as individuals age. Hence, it appears that NFT-tau increases in abundance over time in the absence of beta-amyloid. The cases included in this study were old, with an average age at death of 88 years; hence, if PART represented early AD, one would assume that beta-amyloid deposition in such patients would be occurring in the 9th-10th decade of life, which although not impossible, seems a less likely phenomenon.
In summary, we have demonstrated that in definite PART, the Braak NFT stage is associated with poorer performance on neuropsychological tests, and left anterior hippocampal atrophy further supporting PART as a useful construct, separate from Alzheimer's disease.
